Abstract: Glucoamylase is an extracellular enzyme produced mainly by microorganisms. It belongs to the commercially frequently exploited biocatalysts. The major application of glucoamylase is in the starch bioprocessing to produce glucose and in alcoholic fermentations of starchy materials. Filamentous fungi have been the source of glucoamylases for industrial purposes as well as an object of numerous research studies. Some yeasts also secrete a large amount of glucoamylase with biochemical characteristics slightly different from those of filamentous fungi. Modern biotechnological applications require glucoamylases of certain properties optimal for a given process. Novel biocatalysts can be prepared from already existing enzymes using techniques of protein engineering or directed evolution. Tailoring of a commercial glucoamylase requires knowledge, on a molecular level, of structure/function relationships of enzymes originating from various sources and having different catalytic properties. Sequences of the cloned genes, their recombinant expression and the tertiary structure determination of glucoamylase are prerequisite to obtain such information. The presented review focuses on molecular-genetic and structural aspects of yeast glucoamylases, supplemented with the basic biochemical characterization of the given enzymes.
Introduction
Glucoamylase (glucan α-1,4-glucosidase, EC 3.2.1.3) is an exo-acting enzyme catalyzing the hydrolysis of α-1,4-glucosidic linkages to release the inverted β-Dglucose from the non-reducing ends of starch and related substrates. The enzyme is also able to degrade α-1,6-glucosidic linkages albeit much less effectively, depending on its specificity. Glucoamylase has got a wide application in the enzymatic production of glucose and fructose from starch for food and fermentation industries. A broad variety of organisms, among them yeasts, are producers of this enzyme. Scientific and industrial focus has been on glucoamylases from filamentous fungi, mainly Aspergillus niger and Rhizopus oryzae (Norouzian et al. 2006) . The most recent and comprehensive data on glucoamylases have been reviewed by Kumar & Satyanarayana (2009) .
Although yeast glucoamylases belong to fungal enzymes they do not have the wide application of those produced by filamentous fungi. There are, however, yeast enzymes that are currently exploited in starch saccharification during food fermentation (Chi et al. 2009a ). Starch-assimilation was found in a large number of ascomycetous and non-ascomycetous yeast species (De Mot et al. 1984a,b) . Yeasts from several genera, such as Ambrosiozyma, Arxula, Aureobasidium, Candida, Debaryomyces, Lipomyces, Saccharomyces, Saccharomycopsis (Endomycopsis) and Schwanniomyces, rank among the best producers of glucoamylases (Spencer-Martins & van Uden 1979; McCann & Barnett 1986; Chi et al. 2009a,b) . The detailed molecular studies have been done mainly on glucoamylases from Saccharomyces cerevisiae, S. cerevisiae var. diastaticus, Saccharomycopsis fibuligera and Arxula adeninivoran. All these yeasts synthesize "the true glucoamylases" belonging in the sequence-based classification of carbohydrate-active enzymes (Cantarel et al. 2009 ) to the family 15 of glycoside hydrolases. They share a common mechanism of action involving inversion of the anomeric configuration (Sauer et al. 2000) in contrast to another group of exo-acting starch-hydrolyzing yeast enzymes from Candida albicans (Sturtevant et al. 1999) , Debaryomyces occidentalis (Ghang et al. 2007) and Schwanniomyces occidentalis (Sato et al. 2005) , previously named as glucoamylases. These enzymes are, however, typical α-glucosidases and belong to the glycoside hydrolase family 31.
An understanding of molecular recognition of carbohydrates by proteins is important for explanation of many biological processes (Laederach & Reilly 2005) . In starch processing enzymes, the research has been oriented to elucidation of co-operation of an enzyme with a substrate. The in vivo and in vitro processes during degradation of natural starchy substrates as well as engineering of industrial enzymes are of particular interest. Designing the novel glucoamylases with the programmed technological properties requires information about biochemical properties and tertiary structures of already existing enzymes. Structural data on enzymes originating from various organisms and having different enzymatic properties provide a basis for structure/function relationships studies. Knowledge of the molecular-genetic and structural features of yeast glucoamylases is thus the valuable source of information for basic and applied research. The aim of this overview is to survey data on molecular-genetic and structural characteristics of yeast glucoamylases supplemented with the available biochemical characteristics of the given enzymes.
Biochemical and molecular-genetic characterization of yeast glucoamylases
The majority of yeast glucoamylases are extracellularly secreted glycoproteins often found in heterogeneous N-glycoforms. The common Saccharomyces cerevisiae strains, the so called bakery yeast, synthesize an intracellular glucoamylase expressed during sporulation (Clancy et al. 1982) . Variant S. cerevisiae strains (var. diastaticus) produce an extracellular glucoamylase that plays a role in starch fermentation (Tamaki 1978) . Glucoamylase from S.cerevisiae var. diastaticus, in its native form has an extreme degree of glycosylation causing high molecular mass about 300 kDa (Adam et al. 2004) . Nevertheless, the enzyme is efficiently secreted into medium where it is found in multiple isoforms, attributed to different extent of proteolysis and N-linked glycosylation reactions (Yamashita et al. 1986 ). Saccharomycopsis fibuligera belongs to the best producers of glucoamylases in the yeast realm. The various S. fibuligera strains secrete either glucoamylase or an amylolytic complex composed of glucoamylase and endoacting α-amylase (Kato et al. 1976; Gonzáles et al. 2007; Chen et al. 2010) , or α-amylase, glucoamylase and α-glucosidase, able to degrade preferably maltooligosaccharides (Gašperík & Hostinová 1990 ). The proportions of individual enzymes in the complex vary, glucoamylase being often the main enzyme (Sukara et al. 1998) . S. fibuligera glucoamylases are also secreted in several isoforms Futatsugi et al. 1993) . The role of the carbohydrate moiety in structurefunction relationships of glucoamylases has not been adequately examined yet. It is known that glycosylation does not play a critical role in enzymatic activity of S. fibuligera glucoamylases, however, it is important in the thermal stability (Gašperík & Hostinová, 1993; Solovicová et al. 1997) . The halophilic amylolytic yeast Arxula adeninivorans is a good glucoamylase producer that secretes an enzyme possessing about 25% of the Nlinked carbohydrate content (Wartmann et al. 1995) .
Some characteristics of the extracellular yeast glucoamylases from the native producers, that were a subject of the molecular genetic studies, are presented in Table 1 . Molecular masses are in the wide range of values from 55 kDa for raw starch-degrading glucoamylase Glm fromS. fibuligera IFO 0111 to about 300 kDa for S.cerevisiae var. diastaticus glucoamylase. The pH optimum of yeast glucoamylases lies between 4.5 and 6.0, varying little among the enzymes and species. The temperature optimum for glucoamylases is between 40
• C and 60
• C. The kinetic behaviour of yeast glucoamylases varies among different enzymes. The K m of the glucoamylase from the diastatic strain S. cerevisiae was found to be 3.54 mM and 4.15 mM for maltose and maltoheptaose, respectively (Kleinman et al. 1988) . S. fibuligera glucoamylases Gla and Glu readily digest soluble polymeric substrates containing the α-1,4-glucosidic linkages. The ability to hydrolyse the α-1,4-maltooligosaccharides decreases with the decreasing number of glucose units. Maltose is the least favourable substrate. The ability to digest the α-1,6-glucosidic linkages is much weaker (Solovicová et al. 1999) . Certain glucoamylases possess an ability to hydrolyze raw starch. This property is connected either with the presence, in the molecule of an enzyme, of a separate structural motif, the so called starch-binding domain (SBD) (Janeček & Ševčík 1999) or the existence of carbohydrate-binding site(s) situated on the surface of the catalytic domain. Glucoamylases from filamentous fungi represent the type with a separate SBD domain (Coutinho & Reilly 1997; Morris et al. 2005) . The enzyme from A. adeninivorans is the only yeast glucoamylase containing a separate SBD domain, localized in the N-terminal part of the polypeptide chain (Bui et al. 1996) . Two yeast genera, Saccharomyces and Saccharomycopsis, produce glucoamylases that lack a separate SBD (Kumar & Satyanarayana 2009 ). Nevertheless, the glucoamylase Glm from S. fibuligera is capable of raw starch digestion. Capacity of the enzyme to hydrolyze raw starch is high, comparable with the best glucoamylases from filamentous fungi (Saha & Ueda 1982; Horváthová et al. 2004) .
General genetic studies were done on glucoamylases from S. cerevisiae and S. cerevisiae var. diastaticus. S. diastaticus glucoamylase is encoded by one of three polymorphic STA genes: STA1, STA2 and STA3. The detailed information on the glucoamylase STA multigene family was given in the review by Pretorius et al. (1991) . Several laboratories presented cloning and sequencing of the yeast glucoamylase genes STA1 and STA2 (Yamashita et al. 1985a,c; Meaden et al. 1985; Erratt & Nasim 1986; Pardo et al. 1986; Pretorius et al. 1986; Kim et al. 1994) . The primary structure of the polypeptides deduced from the nucleotide sequences of STA1 and STA2 genes showed that these glucoamylases are identical. S. cerevisiae lacks functional STA genes but carries the SGA gene coding for an intracellular glucoamylase, specifically expressed during meiosis and sporulation. The nucleotide sequence of the SGA gene (Pardo et al. 1986 ) and that obtained from sequencing chromosome IX of S. cerevisiae (Churcher et al. 1997) code for proteins highly homologous to a catalytic domain of the glucoamylase STA1.
Three full-length glucoamylase genes from the yeast S. fibuligera have been described. The genes GLU1 and GLA1 isolated from two different genomic libraries of the strains HUT 7212 and KZ, respectively, encode highly homologous glucoamylases Glu (Itoh et al. 1987) and Gla (Hostinová et al. 1991) . The related gene GLM coding for a raw-starch digesting glucoamylase Glm from the strain IFO 0111 was isolated via cDNA (Hostinová et al. 2003) . A common feature of the so far isolated yeast glucoamylase genes is the absence of the intron regions in their genomic sequences.
Primary structures of yeast glucoamylases
The scheme of the structural organization of the yeast glucoamylases is depicted in Figure 1 . The glucoamylase S1 (StaIp) deduced from the structural gene STA1 (Yamashita et al. 1985c; Adam et al. 2004 ) is 767 amino acid-residue long protein consisting of a signal peptide (1-21), an N-terminal part of a threonine-rich tract with direct repeat sequences of 35 amino acids (22-347) and a C-terminal part comprising subunits H (348-691) and Y (692-767). The truncated protein in which the Nterminal part was deleted still possesses the glucoamylase activity indicating that the C-terminal part forms a functional catalytic domain. The fragment exhibits 36.3% identity with the glucoamylase Glu from S. fibuligera. The structural gene STA2 encodes 768-residue long protein. Its catalytic domain is identical with STA1 gene encoded protein .
The full-length precursors of S. fibuligera glucoamylases Glu and Gla consist of 27 amino acid signal peptides and 492 residues constituting the mature proteins. Both enzymes are highly homologous (98.6%) with only 7 amino acid alterations distributed along the whole chain. These alterations reflect differences in specific activities and thermal stabilities (Gašperík & Hostinová 1993) . In structure/function studies, the analysis was done on Ser467 and Gly467, localized in the conserved active-site region S5 (Itoh et al. 1987) of the Gla and Glu enzymes, respectively. The data showed that the G467S replacement in Glu glucoamylase decreased its specific activity in about 50%, i.e. to the level of the Gla glucoamylase. The Gla glucoamylase, although less active, binds acarbose stronger (K a = 10 13 M −1 ) than the Glu enzyme (K a = 10 12 M −1 ) (Solovicová et al. 1999 ). The raw starch-degrading glucoamylase Glm (489 residues) exhibits 77% identity with the Glu enzyme (Hostinová et al. 2003) . Generally the Glm enzyme contains more basic amino acid residues than both Glu and Gla enzymes. The significant differences in amino acid composition concern the number of tryptophan and histidine residues. The Glm enzyme has 4 and 6 additional Trp and His residues, respectively. The tryptophan residues are of crucial importance for raw starch-binding in starch-degrading enzymes (Penninga et al. 1996; Horváthová et al. 2001) . The significance of the aromatic amino acid residues for raw starch digestion by the Glm glucoamylase remains to be elucidated.
The glucoamylase gene from A. adeninivorans encodes a 624 amino acid-residue large polypeptide (Bui et al. 1996) . The mature protein consists of 606 residues (67 kDa) with 23% and 15.4% sequence identity to S. fibuligera and S. cerevisiae var. diastaticus, respectively. It is the only yeast glucoamylase possessing the distinct SBD that belongs to the family 21 of carbohydratebinding modules (Cantarel et al. 2009 ). The domain is localized in the N-terminal part of the enzyme (Machovič & Janeček 2006; Christiansen et al. 2009 ). The same modular arrangement, containing the N-terminal CBM21 SBD, closely related in sequence, has been found in the Rhizopus oryzae glucoamylase with already solved its three-dimensional structure (Tung et al. 2008) .
The amino acid sequence alignment of the yeast glucoamylases is shown in Figure 2 . The sequences of the mature glucoamylases Glu, Gla and Glm from S. fibuligera HUT 7212, S. fibuligera KZ and S. fibuligera IFO 0111, respectively, have been aligned with those of the glucoamylases deduced from the STA1, STA2 genes of S. cerevisiae var. diastaticus, the SGA gene of S. cerevisiae and the ARX gene from A. adeninivorans. The reading-frame shift in Saccharomyces glucoamylases (Henrissat et al. 1994 ) that improved the alignment with other glucoamylases has been applied.
Three-dimensional structures of yeast glucoamylases
The yeast glucoamylases from the native producers are difficult to crystallize because of the microheterogeneity of the enzymes that exist in multiple forms due to differences in extent of N-glycosylation. For structural studies of the glucoamylases Gla and Glu from S. fibuligera, the non-glycosylated recombinant counterparts were prepared in Escherichia coli. Synthesis in E. coli was directed into inclusion bod- Fig. 2 . The primary structure alignment of yeast glucoamylases. The amino acid sequences of the mature Saccharomycopsis fibuligera HUT7212 glucoamylase Glu (UniProt Acc. No.: P0817), S. fibuligera KZ glucoamylase Gla (P26989) and S. fibuligera IFO 0111 glucoamylase Glm (Q8TFE5) are aligned with the sequences of the unprocessed glucoamylase precursors of Saccharomyces cerevisiae var. diastaticus glucoamylase S1 (P04065), glucoamylase S2 (P29760), S. cerevisiae glucoamylase Sga (P08019) and Arxula adeninivorans glucoamylase GaA (P42042). The sequences were retrieved from the UniProt database (http://www.uniprot.org/). Green areas highlight the identical residues. Yellow boxes signify the residues identical with the raw starch-degrading glucoamylase Glm that have not been found in the Glu and Gla enzymes. The positions of the catalytic acid and base of the glucoamylase Glu determined from the tertiary structure of the enzyme (Ševčík et al. 1998, 2006) , are coloured in red and magenta, respectively. ies. The in vitro denaturation-renaturation was used to prepare fully active Gla (Solovicová et al. 1996) and Glu enzymes (Solovicová et al. 1997 ) suitable for crystallization. Three-dimensional structure of the intact glucoamylase Glu has been determined by X-ray crystallography. It was observed that a Tris molecule used in a purification buffer was bound to the enzyme active centre (Ševčík et al. 1998) indicating that Tris molecule could be a competitive inhibitor for glucoamylase. Later the structure of this enzyme at atomic resolution (1.1 A) and that of the complex with the acarbose inhibitor (at 1.6Å) were solved (Ševčík et al. 2006 ). The enzyme is of a globular shape and adopts a typical glucoamylase (α/α) 6 -barrel structure (Fig. 3) . The active site is Ševčík et al. (1998) and Hostinová et al. (2003) .
positioned in a pocket formed by long loops. Thus, the fold of this yeast glucoamylase is very similar to that of the catalytic domain of the glucoamylases from Aspergillus awamori (Aleshin et al. 1992) and Hypocrea jecorina (Bott et al. 2008) . There is no a second domain in the S. fibuligera glucoamylases. In the structure of the glucoamylase Glu complexed with acarbose (Gašperík et al. 2005; Ševčík et al. 2006) , two molecules of the inhibitor are bound, one at the active site and the second on the surface of the enzyme about 25Å away. Acarbose, curved around Tyr464 (Fig. 4) resembles the inhibitor molecule in the 'sugar tongs' surface-binding site of the barley α-amylase isozyme 1 structure complexed with a thiomaltooligosaccharide (Robert et al. 2003; Bozonnet et al. 2007 ). Both these unique internal structures may have comparable functions. The proposed role of the remote substrate-binding site is to fix the enzyme onto the surface of starch while the active site degrades the polysaccharide. The tertiary structure of the S. fibuligera glucoamylase Gla was difficult to obtain because of problems with quality of crystals but it was solved very recently with 1.8Å resolution and will be described elsewhere. Even greater problems have been with production of the raw starch-degrading glucoamylase Glm suitable for crystallization so that the crystal structure of this interesting protein still has not been determined. The three-dimensional model of the Glm enzyme (Fig. 5) has been done based on its close sequence similarity with the glucoamylase Glu (Hostinová et al. 2003) . It was reasonable to expect the presence of the 'sugar tongs' type binding-site at the structurally equivalent positions in both enzymes. Such sequence, indeed, was found in the Glm enzyme. The central amino acid residue of the acarbose-binding site, however, is not tyrosine but a phenylalanine (Hostinová et al. 2003) . Similar secondary carbohydrate-binding sites with affinity to insoluble ligands were found in related starchdegrading enzymes also missing the distinct SBD (Ragunath et al. 2008; Nielsen et al. 2009 ).
The structure of the S. cerevisiae var. diastaticus glucoamylase Sta1p, encoded by the STA1 gene, has also been modelled (Adam et al. 2004 ). The enzyme contains two domains that are structurally and functionally different: a catalytic domain corresponding to the C-terminal part of the enzyme with glucoamylase activity (and homology to glucoamylases) and a Ser/Thr-rich domain, with homology to proteins encoded by FLO genes and structural similarity to bacterial invasins (without any starch-binding function observed). Modelling of the catalytic domain, on the basis of S. fibuligera glucoamylase Glu, confirmed the (α/α) 6 -barrel structure. The model of the N-terminal region resembles the structure of invasin fromYersinia pseudotuberculosis (Adam et al. 2004) . The model of the glucoamylase Stp1 with the SBD from A. niger fused to its C-terminal part has also been proposed (LatorreGarcia et al. 2005) .
Concluding remarks
Although glucoamylases as important industrial enzymes have been the subject of an exhaustive research (see, e.g., Sauer et al. 2000; Norouzian et al. 2006; Kumar & Satyanarayana 2009) , there are still limitations in biotechnological applications of the natural enzymes. The majority of the widely used fungal enzymes do not display the optimal technological properties. Because of their multi-domain structure they face the problem of the proteolytic degradation, rendering the enzyme incapable to attack raw starch. Furthermore, to overcome some problems of starch saccharification, glucoamylases with sufficient thermostability are needed. Modulation of pH dependencies of glucoamylase with those of α-amylase would be important for increasing the efficiency of an enzymatic starch processing. In order to obtain the glucoamylases with the enhanced enzyme functionality, several ways can be applied: (i) the traditional screening of new producers from diverse environments; (ii) classical mutagenesis; (iii) modulating enzyme properties by directed evolution; and (iv) protein engineering of existing enzymes by site-directed mu-tagenesis. Application of directed evolution on starchprocessing enzymes has been reviewed recently (Kelly et al. 2009 ). For protein engineering of an enzyme the availability of the cloned gene, appropriate level of the functional, recombinant expression and information on its tertiary structure are necessary. The prerequisite for a successful tailoring of commercial glucoamylases is the knowledge, on a molecular level, of structure/function relationships of enzymes with different enzymatic properties. It is an advantage if they originate from various microbial sources. The information from the molecular biology research of yeast glucoamylases has thus a direct impact on construction of novel glucoamylases. The elucidation of the tertiary structure of the intact, onedomain raw starch-degrading S. fibuligera glucoamylase Glm could really be a valuable information toward engineering of proteolytically stable raw starch-degrading glucoamylases. Finally, the upcoming metagenomics era can bring new sequences of an industrial importance for construction of novel starch-processing enzymes.
